The apparent diffusion coefficient of a bound drug, cefoperazone, was studied. The protein binding of cefoperazone was studied by voltammetry, a technique which permitted instant measurements. The apparent diffusion coefficients were similar in agar and fibrin and lower in rat brain tissue. The influence of protein on the value of the apparent diffusion coefficient was negligible. The hypothesis that only the free drug diffuses was supported. The percentage of binding determined by voltammetry corresponded to the true concentration of drug which diffuses and is much lower than the percentage of binding determined by the ultrafiltration centrifugation method. This discrepancy could be explained by the rate of dissociation of the protein-drug complex.
The free-drug hypothesis assumes that only the free fraction of a drug diffuses by passive diffusion in infectious nonvascularized loci. This assumption enables Fick's law to be applied to the penetration of antibiotics in tissues. Several differences between the observed facts and the predictions calculated by the free-drug hypothesis have often been described. The potency of an antibiotic is not exactly that of its free fraction when serum or serum-albumin is added to the culture medium (7) . In experimental diseases, both highly bound and poorly bound antibiotics give results which are not accounted for by the percentage of binding (13) . When artificial models of interstitial-fluid sampling such as fibrin clots, suction blisters, or tissue cages are used, the area under the curve (AUC) for interstitial fluid correlates with the percentage of protein binding (4) . Some authors have suggested that >80% binding to serum proteins is significant, and some studies have indicated that only free drug is available to penetrate cells (5, 14) ; other authors have suggested that in vitro measurements of protein binding do not reflect in vivo measurements and that the rate of drugprotein complex association and dissociation should also be taken into account (17) . The measurement of the apparent diffusion coefficient of a bound drug could give valuable information about these problems. In a previous study, I measured the apparent coefficients of diffusion of various antibiotics in agar and in the brain tissue of living rats (9) . I observed notable differences between the measured coefficients and those predicted in water by the simple law based on molecular weight. Questions posed at that time are still unresolved. What is really diffusing in the intracellular space? Does bound drug modify the coefficient of diffusion of free drug, and if so, to what extent?
The new method that I have developed seems to be able to answer these questions. This technique, called voltammetry, has been described many times (8, 11) . Briefly, a microelectrode of 1-,um diameter detects electroactive antibiotic concentrations without delay. Only the antibiotic which diffuses to the surface of the tip is detected. This method of measurement served to detect concentration gradients at various depths of tissue, fibrin, or agar gel when a constant concentration of the electroactive antibiotic was poured over the microelectrode for a fixed period. The concentrations determined at various depths were used to calculate the apparent diffusion coefficients in the respective media. In a previous study, piperacillin, chloramphenicol, metronidazole, and cefsulodin were studied, but they showed little fixation to proteins. I chose cefoperazone, a cephalosporin whose protein binding has been well studied. Binding in human plasma remains above 80% with cefoperazone concentrations of up to 200 mg/liter (6, 7) . This antibiotic was studied principally by ultrafiltration centrifugation at ambient temperature in human plasma. All authors gave similar results (range, 84 to 92%) (1, 18) . This molecule is electroactive and can be used with my technique.
The aims of this study were to determine which part of a bound antibiotic diffuses, to show that voltammetry detects free drug, and to determine the percentage of binding and the apparent diffusion coefficient in agar, fibrin, and rat brain in order to make comparisons with other antibiotics.
MATERIALS AND METHODS
Chemicals. Cefoperazone was a gift from a pharmaceutical company (Pfizer, Paris, France) and was used in its injectable form. The drug was dissolved in phosphate-buffered saline (PBS; pH 7.4) or in pooled human plasma at fixed concentrations (1 to 10 mg. ml-1). Agar gel (Sigma) was prepared by boiling a 2-g sample in the appropriate amount of PBS to make 100 ml of solution. After cooling, the agar was poured into a petri disk chamber (depth, 0.5 cm). Fibrin was made with a commercially available preparation used in surgery (Tissucol; Immunofrance, Rungis, France) and poured into the same petri disk chamber as the agar (depth, 0.5 cm). The hospital provided 10 different batches of pooled plasma to be used in the protein-binding experiments. The usual biochemical parameters of the plasmas were in the normal range.
Voltammetry. Microelectrodes were constructed with glass-insulated carbon fiber as previously described (10) . The extreme tip (1-p,m diameter) is the measurement surface. Two other electrodes are needed: a silver-silver chloride (Ag/AgCl) reference electrode and a platinum auxiliary electrode (1-cm length, 2-mm diameter). The microelectrode is inserted into the medium to be analyzed with a micromanipulator, which permits precise movement (Prior, Herts, United Kingdom). The other two electrodes are dipped in solution or gel or inserted subcutaneously in rats. Voltammetry was performed with a conventional three-electrode apparatus (PRG5; Tacussel, Lyon, France) which was automated with a microcomputer and AD/DA boards. Differential-pulse voltammetry permitted 10 measurements in 2 min and gave a complete voltammogram. The parameters were as follows: scan rate, 150 mV s-'; pulse amplitude, 100 mV; and pulse rate, 0.1 s-'. Calibration was based on the peak height after subtraction of the residual current in agar, fibrin, PBS, or brain tissue without cefoperazone. Standardizations were carried out in PBS with various known concentrations of cefoperazone in a small thermostated chamber (20 or 37°C). Diffusion coefficients were measured at 30 min. At 29 to 31 min, the microelectrode was inserted progressively deeper into the studied media with the micromanipulator. A voltammogram was drawn at five different depths at least.
Animal experiments. Male Sprague-Dawley rats (300 g) were intraperitoneally anesthetized with urethane (1.25 g. kg of body weight-'). During deep anesthesia, the animals were placed in a stereotaxical apparatus (D. Kopf, Velizy, France). A small hole (5-mm diameter) was made in the skull over the frontal cortex, and the dura was taken out under microscopic observation. The auxiliary and reference macroelectrodes were implanted intraperitoneally, and the microelectrode was held over the cortical surface. Then the solution of cefoperazone (5 mg. ml-') was gently poured over the brain. Measurements were performed 29 min later. At the end of the experiment (at 32 min), the microelectrode was recovered, and standardization was carried out in PBS at 37°C. Each animal provided five measurements or more, so 10 animals were needed in order to obtain at least five points for one depth.
Gel and plasma measurements. The same incubation time was used for agar and fibrin. PBS was employed at 20°C, and standardization was carried out at the same temperature.
Pooled plasma with cefoperazone (5 mg. ml-') was poured over agar gel at 20°C, and measurements were done under the abovementioned conditions. Standardization was carried out in PBS at 20°C. This temperature was used in order to avoid convection phenomena in the petri disk chamber. For each experiment, at least five measurements were obtained for each of five depths. The percentage of binding was determined at 37 and 20°C in 10 different samples of pooled plasma. A known amount of cefoperazone was added to pooled plasma to give a known final concentration (5 mg ml-'). Ten plasma samples with known amounts of cefoperazone (10, 3.33, 2.5, 2, and 1 mg. ml-') were also measured at 37°C in order to study the influence of concentration on protein binding. These plasma solutions were introduced in the small thermostated chamber (1 ml), in which three electrodes were installed. Five measurements were done in 2 min. The microelectrode was rinsed with PBS and standardized with known solutions of cefoperazone in PBS. Between plasma measurements, the standardization remained unchanged.
Ultrafiltration. The free fraction of cefoperazone was also studied in pooled plasmas at a fixed concentration (5 mg ml-') with microultrafiltration devices (PLGC; Millipore, St.-Quentin, France). Briefly, 2 ml of plasma was held in the ultrafiltration device and then centrifuged (30 min, 2,000 x g at 20°C). Cefoperazone concentrations were measured with microelectrodes deep in the ultrafiltrate. Adsorption was studied by subjecting cefoperazone without proteins to the ultrafiltration device. The free and bound fractions were calculated by using classic procedures (4, 12) .
Calculations. The apparent diffusion coefficients were calculated according to Fick's law, which in this case was where Co is the concentration of the solution poured at the surface of the medium, C is the concentration measured at one depth (x), t is the time of diffusion (30 min), D is the diffusion coefficient in the medium in which measurements were made, and ERFC is the complementary error function. The representation of C/Co (y axis) versus x (x axis) on ERFC paper gave a straight line for each experiment. The equation was solved independently for each experiment and gave a value of D when the classic method just described was used (9) . Standardizations were linearized by the leastsquares method; each standard was tested at least three times before and after measurements. The mean and the standard deviation were calculated for the diffusion coefficients, and variance analysis was carried out with a commercially available microcomputer program (Systat).
RESULTS
The voltammogram of cefoperazone gave a well-defined peak in reduction at pH 7.4 and 20 or 37°C. In the four media, the shape and characteristics of the peak remained unchanged. The potential range in reduction is sufficient to measure cefoperazone in the different media (-1.5 V against Ag-AgCl). The peak had a width of 400 mV. The reproducibility of concentration determinations was less than 5%.
The limit of sensitivity was equal to 10 ,ug-ml-', with a signal-to-noise ratio of 5. The calibration curves in PBS at 20 and 37°C are linear in the range studied (10 to 5,000 ,ug. ml-'). Cefoperazone gave a peak at -1 V against Ag-AgCl. Inserting microelectrodes directly into plasma did not change the standard calibration curves in PBS. Voltammograms of cefoperazone in a solution of PBS (5 mg * ml-') and in plasma (5 mg. ml-') are shown in Fig. 1 . Results of binding experiments are presented in Table 1 . There is a significant difference (P = 0.012) between the ultrafiltration method and voltammetry at 20°C. There is no difference in the range of concentrations for cefoperazone with voltammetry at 37°C. There was no adsorption of cefoperazone on the ultrafiltration membrane. Serial voltammograms for fibrin are shown in Fig. 2 . The diffusion coefficients were 0.61 + 0.41 cm' s-1 in agar with PBS, 0.79 ± 0.37 cm2' s-1 in agar with plasma, 0.70 ± 0.37 cm2' s-1 in fibrin, and 0.25 + 0.045 cm' s-1 in rat brain cortex (n = 5 for each value). There was no difference between coefficients in agar, fibrin, and agar when plasma was used for diffusion. The coefficient for brain was significantly different from the three other values. Concentrations in the agar gel at 30 min are shown in Fig. 3 for PBS and plasma. An ERFC plot of the concentration gradients for the four media is shown in Fig. 4 . DISCUSSION I used voltammetry to determine the percentage of bound cefoperazone. This percentage was measured in pooled plasma at 37 and 20°C and in ultrafiltrate without incubation delay. The cefoperazone concentration was the same as in diffusion studies. The range (72 to 87% at 20°C) was less than that obtained with the ultrafiltration centrifugation method (80 to 95% at 20°C). The extent of cefoperazone binding was unchanged by concentration at 37°C. The difference between ultrafiltration and voltammetry can be explained by the rate of complex dissociation. Ultrafiltration studied the equilibrium after a delay of a few minutes. Voltammetry detected the drug which diffused at the surface of the microelectrode for short periods (less than milliseconds). If a drug presents a rate of dissociation in the millisecond rar.e or less, it diffuses and creates a current which is monitored by the apparatus. Otherwise, there is no signal. At 37°C with low concentrations of drug, protein binding of cefoperazone dropped to <50% as measured by voltammetry. This result may indicate better diffusion of drug to infectious sites than high protein binding gave.
Recently, I introduced a new method which gave diffusion coefficients for cefsulodin, chloramphenicol, metronidazole, and piperacillin in rat brain cortex (0.2 x 10-6, 0.11 x 10-6, 0.11 x 10-6, and 0.12 x 10-6 cm2 * s-1, respectively) (9) . This method gave 0.25 x 10-6 cm2_ s-1 for cefoperazone in the rat brain cortex. The values of diffusion coefficients for cefoperazone are similar to the results with other antibiotics in brain and agar. Figure 3 presents the diffusion of the same initial concentration in agar with PBS and plasma. There are two important facts in this experiment. First, only the free cefoperazone diffused: the concentration at the gel surface for plasma divided by the concentration at the gel surface for PBS gave the same percentage of binding as that determined with pooled plasma. This fact demonstrates that the percentage of binding determined by voltammetry reflected the reality for diffusion studies. Second, the calculated diffusion coefficients for cefoperazone are unchanged in the two experiments. This fact indicates that proteins did not interfere with the diffusion coefficient under the conditions of this experiment. The free-drug concentration remained constant during the experiment, and protein acted as a reservoir. The dissociation rate of the cefoperazone-protein complex was immediate. With regard to the diffusion coefficients in various media, there are no significant differences between agar and fibrin. This implies that either agar or fibrin can be used for diffusion studies and that previous results can be used for fibrin gel or clots. This is important, because fibrin clots are a classic model of diffusion studies. Some authors have indicated that bound drugs easily cross vascular endothelium because of infection, and others say that the protein-bound drug complex diffuses more rapidly than the free drug according to the nature of the gel (2, 3) . This fact could be explained by the exclusion of high-PM molecules from the gel, as in exclusion gel chromatography. I disagree with this interpretation and have not observed it in these experiments.
In fact, diffusion coefficients for protein in agar gel were studied, and the diffusion coefficients are much smaller than those of small molecules (15) . The bound fraction does diffuse but very much slower than the free drug. The contribution of protein-drug complex to diffusion is practically nil. The important point is that the bound drug acts as a reservoir and maintains free drug at a certain level. Interstitial fluid has been well documented with various models, including skin chambers, suction-induced skin blisters, peripheral lymph, implanted fibrin clots, or cotton threads etc. In these models, a lag time was present and indicated an interval before the antibiotic was observed in the extracellular fluid. The AUC with the extracellular fluid showed a linear relationship with protein binding, the square root of time, and the AUC with serum. This implies that the penetration of antibiotics followed Fick's law in these models. Similar observations have been made in infectious loci. But there is a wide range for AUC of penetration and binding in serum protein experiments (3) . My experiments may explain these results. The apparent diffusion coefficient is not influenced by protein binding, and the binding coefficient in vivo at 37°C must be lower than initially described. Diffusion times increase when distances are greater than a fraction of millimeter. There is a gradient of antibiotic concentration between the periphery and the core of the infectious locus or fibrin clot. Concentrations of drugs are generally determined in tissue homogenates, and the calculations completely ignore these gradients. Each infectious locus has a particular form, and there is a geometrical parameter for diffusion. In experimental models, the AUC with extravascular fluid represents the mean of several AUCs at several diffusion depths. The lag time before antibiotics are observed is due to the limit of sensitivity of analytical methods. Practically at the beginning of the experiment, there is a high concentration in a very small boundary. The tissue, infectious loci, or fibrin homogenates represent the mean concentrations of a volume which has been without drug in some deep parts.
In conclusion, the free-drug hypothesis cannot be ruled out by this study, but some questions on the value of the free-drug level in vivo remain. The apparent diffusion coefficient of free drug is apparently not influenced by plasma proteins, and protein binding must be lower in vivo than protein binding described by ultrafiltration or similar methods. This is important for simulation and prevision studies.
